We measured the post-operative radiological "fit and fill" of two different femoral stem designs, one with a straight proximally porous-coated n=50) and the other with a proximally anatomic, hydroxyapatite-coated and distally over-reamed stem (ABG, n=26). A comparison was then made between the clinical and radiological 5-year follow-up data of these two series and also of the bone remodeling changes around the stems. The observed differences in "fit and fill" parameters in the metaphyseal region were minute. However, in the diaphyseal bone the straight stem had substantially more cortical contact. The clinical results were excellent for both groups. Subsidence (>2 mm) was more frequent with the anatomical ABG stems, although the ABG stems had better bone ingrowth in the lower metaphyseal area. The present results indicate that the anatomical design may improve the fit and fill of a femoral stem in the metaphysis. On the other hand, a looser fill of the diaphyseal bone made the stems of this type more susceptible to subsidence. The straight stem with tight diaphyseal fit showed excellent stability, but the good bone ingrowth and remodeling around the distal part of the stem indicates stress transfer through this region and increased stress shielding of the proximal metaphyseal femur.
Introduction
The 10-year clinical results of the first generation of extensively porous-coated cementless femoral stems have been excellent [7, 9, 29] . However, proximal bone resorption due to distal fixation and proximal stress shielding has caused concerns and this has led to newer designs with a porous-coating applied only to the proximal metaphyseal part of the stem [13, 14, 31, 37] . Femoral stem micro-motion studies have emphasized the importance of metaphyseal fit in reducing torsional motion [2, 4, 15] and enable bone ingrowth [5, 38] . Likewise, inadequate canal filling has been considered to be the main cause for stem failures [7, 9, 30, 31] , and in the series of Kim and Kim [24, 25, 26] a poor initial stem "fit-and-fill" was associated with thigh pain and component loosening.
In addition the finite-element studies [19, 50] and photo-elastic coating strain analysis [16, 49] demonstrated the importance of metaphyseal fit in achieving optimal implant-bone load transfer, which in turn would minimize stress-shielding and improve bone remodeling. To enhance bone integration a hydroxyapatite coating has now been added on to the proximal stem [6, 10, 11, 45] . Subsequently the idea of distal over-reaming combined with proximally anatomic and hydroxyapatite-coated stem was introduced [43, 47] . However, the wide varia-tion in the shape and size of the proximal femoral medullary canal makes it impossible in practice to achieve perfect cortical contact between the stem and the endosteal cortical bone [20, 28, 36] .
The purpose of the present study was, firstly, to compare and contrast the radiological fit-and-fill characteristics of a straight proximally porous-coated cementless stem (Bi-Metric, Biomet, Warsaw, USA) with a proximally anatomical hydroxyapatite-coated and distally overreamed cementless stem (ABG, Howmedica, Benoist Girard, Saint-Claire, France); secondly, to compare the bone remodeling patterns induced by these 2 stem designs over 5 years; thirdly, to assess the effects of the primary post-operative fit-and-fill on mid-term clinical outcome; and fourthly, to analyze whether the different fit-and-fill characteristics influence the radiological results and the bone remodeling during the first 5 post-implant years.
Materials and methods
During 1991 and 1992, 132 cementless B-Metric (Biomet) femoral stems (straight, proximally porous-coated, titanium) were implanted with cementless acetabular cups (Biomet Universal) at Tampere University Hospital (Fig. 1) . Of these 132 patients, 50 were selected randomly to form the first study group. The second group consisted of the first 26 cementless ABG (Howmedica) arthroplasties performed during 1992 and 1993 at Tampere University Hospital (9 cases) and Jokilaakso Hospital (17 cases). The ABG titanium stem is proximally anatomical and hydroxyapatitecoated and is inserted after distal over-reaming (Fig. 1) . A cementless ABG hydroxyapatite-coated cup was used in combination with all the ABG stems. Patients with acetabular cup loosening or revision before 5 years were excluded (12 of the 132 Biomet Universal cups in the Bi-Metric series, but none in the ABG series), as were patients with either a previous proximal femoral fracture or a previous femoral osteotomy. Immediate post-operative radiographs were assessed retrospectively and follow-up structured clinical and radiographic data were collected during regular visits.
There were no noteworthy differences between the study groups in patient demographics or operative indications (Table 1) . Either a posterior or a Hardinge approach was used in both study groups according the surgeon's preference. in the bone vertical axis and the measured metaphyseal levels were T+20 mm, T+10 mm, T, T-10 mm and T-20 mm, and the diaphyseal levels were T-50 mm and 10 mm proximal to the stem tip (Fig. 2) . The stem fit was measured as the length of the stem in contact with the cortical bone in proportion to the length of the stem surface in the studied region. It was measured for the whole stem as well as separately for the proximal and distal regions, medially up to the margin of the stem and laterally up to the level of the clear lateral cortex referring to Gruen zones [12, 47] (Fig. 2) . Stem position -varus or valgus and the vertical position -were recorded [8, 47] . Magnification was calculated from femoral head diameter and this was taken into account in all our measurements. Clinical and radiological follow-up were performed according to the routine of the surgical unit concerned. The average followup of the Bi-Metric group was 69.3 months (range: ) and that of the ABG group was 59.4 months (range: 49-66). Data were recorded with the The Finnish Arthroplasty Association proforma, which contains the details of a modified Harris hip score [21] .
Vertical migration of the femoral stem was assessed from 5-year AP radiographs by measuring the distance between the stem and the tip of the greater trochanter, and the upper margin of the lesser trochanter. Vertical subsidence exceeding 2 mm (the mean change between the 2 distances) and a varus shift of 2°or more were considered significant [8] .
Bone ingrowth and remodeling in 14 Gruen zones were assessed from AP and lateral radiographs with measurement techniques previously described [8, 22, 34, 48] . Determinants of bone ingrowth included spot welds (i.e. trabecular bridges between the stem and an endosteal surface) and intimate contact of the stem with the endosteal cortex in the absence of a radio-lucent line. A reactive sclerotic line around the distal portion of the stem was considered evidence of motion at this interface signifying proximal osseo-integration. Bone resorption definitions included cortical thinning, marked loss of cortical density or cortico-cancellization, and loss of calcar height or thickness. Calcar 'rounding off' was not considered as actual bone remodeling. Cortical hypertrophy, often spindle-shaped around the distal portion of the stem was also recorded [8, 22, 34, 48] .
Both the post-operative fit-and-fill characteristics of the 2 different cementless stem designs as well as the 5-year bone remodeling patterns resulting from the use of these stems were compared. Special emphasis was placed on studying the predictive value of the primary post-operative fit-and-fill characteristics on the clinical result, on the radiological outcome, and on bone remodeling during the 5-year follow-up period.
Differences in continuous variables between groups were tested by using an independent samples t-test, or by analysis of the variance for normally distributed variables. For variables with skewed distributions the Mann-Whitney test, or the KruskallWallis analysis of variance were used. Cross tabulation with the chi-square test was used for studying categorized variables.
Results
Comparison of the post-operative fit-and-fill between straight and anatomical stems
The average overall fill of the anatomical ABG stems in the metaphyseal levels was slightly but statistically significantly greater than that of the straight Bi-Metric stems: 78% versus 74% (p=0.025), if both AP (Gruen zones 1, 2, 6, 7) and lateral views (Gruen zones 8, 9, 13, 14) were included; and 79% versus 74% (p=0.001) if only Gruen zones 1 and 7 were included ( Table 2 ). The diaphyseal cortical contact of the straight stems in Gruen zones 3 and 5 was significantly greater than that of the over-reamed anatomical stems:48% versus 24% (p<0.001). In the later-From the post-operative radiographs (AP and lateral views) the femoral canal 'fill' (the ratio of the width of the component to that of the cavity) was measured by using the system of Kim and Kim [25] and Mulliken et al. [34] but more levels were examined and recorded. The lesser trochanter mid-point 'T' was set as zero-level Fig. 2 Measurement of the primary stem 'fit-and-fill' in the femoral canal was made on the post-operative radiographs, AP and lateral views. The measuring levels and Gruen zones were determined by referring to the lesser trochanter mid-point (T), which was set as zero-level in the vertical bone axis. The stem fit was measured as the length of the stem surface in the studied region (e.g., the fit in zone 3=bc/ac). The stem fill in the femoral canal is the ratio of the width of the component to that of the cavity (e.g., in the AP view the fill at the level 10 mm above T=ef/dg) al views there were no significant differences between the stems in their contact with either the diaphyseal anterior or posterior cortices ( Table 2 ). The diaphyseal fill of the straight stems slightly exceeded that of the over-reamed anatomical stems: -90% versus 87% (n.s., p=0.08).
Five-year clinical results
There was no significant difference between the 2 groups in the Harris hip score after an average of 5 years. BiMetric 94 (44-100) and ABG 95 (62-100), respectively. Any possible association between the post-operative fitand-fill characteristics and the clinical outcome as expressed by the Harris hip score was analyzed with Pearson's linear correlation and cross tabulation, but no significant association was found either in Bi-Metric or in the ABG groups (data not shown).
Five-year radiological results
Bone ingrowth in 5-year radiographs is presented in Table 3 . The straight Bi-Metric stem had significantly more diaphyseal osseo-integration around the stem tip (Gruen 4 and 11) and on the lateral distal part of the stem (Gruen 3). The anatomical and proximally hydroxyapatitecoated ABG seemed to have significantly more osseo-integration at the lower metaphyseal region (Gruen 2 and 6) but there was more spot weld formation between the BiMetric stem and the anterior metaphysis (Gruen 8) .
Subsidence of 2 mm or more was detected in 2 BiMetric stems (4%, range: 3.5-3.8 mm) and in 7 ABG stems (27%, range: 2.0-3.5 mm) (p<0.01). Varus shift of 2°or more was found with 2 Bi-Metric stems and with 1 ABG stem. Metaphyseal radiolucent lines were detected in 1 patient in both groups (lines were estimated as minor). None of these seemed to be progressive and no stem was considered 'radiologically loose'. Small femoral osteolytic changes were recorded in 1 'subsided' ABG stem, and in which there was considerable wear of the acetabular polyethylene liner. In the Bi-Metric group there were no osteolytic femoral lesions despite the fact that 3 acetabular revisions were scheduled to be performed due to wear of the liner.
There was no difference in metaphyseal resorption between the Bi-Metric and ABG stems: loss of calcar height, 0.7 mm versus 1.2 mm (n.s.); loss of calcar thickness, 1.1 mm versus 1.1 mm; marked loss of cortical density in Gruen 7 zone, 57% versus 50% (n.s.); marked loss of cortical density in more than 1 metaphyseal Gruen zone, 22% versus 35% (n.s.). However, metaphyseal cortical hypertrophy in Gruen zones 2 and 6 was observed in 4 ABG cases (15%, p=0.012) but in none of the Bi-Metric cases (0%). [1, 40, 47] . The immediate postoperative fit-and-fill did not influence the Harris hip score, but the post-operative fit-and-fill characteristics of these stems were different, as were the consequent bone remodeling changes. Bi-Metric stems seemed to fit-and-fill the proximal diaphyses rather than the metaphyses and this resulted in diaphyseal hypertrophy in 50% of the cases and in marked loss of calcar cortical density in 59%. The remodeling that occurs indicates distal stress transfer. There was significantly more distal bone ingrowth with Bi-Metric than with ABG stems. Even though no severe metaphyseal cortical resorption occurred, the association of proximal porous coating, osseo-integration, stress transfer and better preservation of metaphyseal bone stock was not achieved with the Bi-Metric stems. Martell et al. [31] reached the same conclusion using proximally porous-coated straight Harris-Galante cementless stems, with 36% of cases showing diaphyseal cortical hypertrophy and 85% loss of cortical density. In a previous BiMetric report [40] the proportion of distal cortical hypertrophy was identical to ours and calcar atrophy was observed in up to 88% of patients.
Tonino et al. [47] observed bone remodeling changes around the ABG stems, which indicates successful proximal stress transfer. They reported an increase in bone density of the lower metaphysis in as many as 54% of cases, distal cortical hypertrophy in only 6%, and calcar resorption in 20%. We found only 15% metaphyseal cortical hypertrophy around the ABG stems as a result of proximal stress transfer, even though significantly more bone ingrowth was observed with ABG than with Bi-Metric stems in Gruen zone 2 (86% versus 64%) and Gruen zone 6 (90% versus 75%). However, we also observed more signs of distal stress transfer than Tonino et al. [47] with ABG stems -metaphyseal cortical resorption in 50%, diaphyseal cortical hypertrophy in 27% of patients. In both studies there were distal reactive lines in more than half of the cases, a phenomenon related to distal micro-motion and a sign supporting the ABG concept. The distal over-reaming technique seemed to be feasible but the metaphyseal fit-and-fill was frequently inadequate (27%) to prevent subsidence, which, however, only took place during the early post-operative period and was never progressive. This stabilization after subsidence could be a significant contribution of hydroxyapatite coating. Our results also suggest that the 188 There was diaphyseal cortical hypertrophy at the level of the tip of the stem (Gruen 4 or 11) in 12 cases (20%) in the Bi-Metric group but this remodeling was not seen in any of the ABG stems (p=0.013). In Gruen zones 3 and 5 the proportion of cortical hypertrophy was 27% and 33% around the Bi-Metric stems and 19% and 23% around the ABG stems (n.s.). If all diaphyseal Gruen zones are included (i.e. Gruen 3, 4, 5, 10, 11, 12) there were hypertrophic signs in 49% of the Bi-Metric group and 27% of the ABG group (n.s. p=0.065). The reactive lines seemed to be typical findings around the distal portion of the ABG stems -65% in Gruen zones 3, 4, 5, 10, 11, 12 -and in over half these cases the radiolucency extended over at least 2 zones; in the Bi-Metric group, however, this was quite a rare finding -12% (p<0.001). Diaphyseal cortical thinning or marked loss of cortical density was observed in 3 ABG cases (11%) and in 1 Bi-Metric case (2%, n.s.).
Associations between the post-operative fit-and-fill characteristics and the 5-year radiological result There was a significant (p<0.01) but numerically quite small (0.32) correlation between diaphyseal fit and radiological signs of diaphyseal bone ingrowth. No correlation was found between metaphyseal fit or fill and metaphyseal bone ingrowth. However, in the ABG group there was a moderate inverse correlation (r=-0.57, p<0.01) between the fit on the medial metaphyseal arc (Gruen zones 6, 7) and bone ingrowth at the stem tip in a lateral radiograph (Gruen 11) .
The 7 (27%) subsided ABG stems had significantly less metaphyseal fill than those which did not subside (73% versus 80%, p<0.01). Likewise, a poor calcar fit (Gruen zone 7) seemed to be associated with stem subsidence (19% versus 51%, p=0.056). The diaphyseal fit or fill did not relate to subsidence of the ABG stems.
The resorptive metaphyseal changes common in both stem groups could not be proved to be associated with the metaphyseal or the diaphyseal fit-and-fill parameters. However, the 4 ABG stems with metaphyseal cortical hypertrophy had a markedly greater average metaphyseal fit on the medial cortex (Gruen zones 6, 7) than the other ABG stems -64% versus 26% (p<0.01).
The cortical hypertrophy around the tip of the 12 BiMetric stems was strongly related to diaphyseal stem fill seen in antero-posterior radiographs (95% versus 85%, p<0.001). Altogether 31 stems (41%) had diaphyseal hypertrophic signs after 5 years (all diaphyseal Gruen zones included). This remodeling was related to the diaphyseal fit (42% versus 31%, p<0.01) and diaphyseal fill (88% versus 85%, p<0.05) of the femoral stems. Distal reactive lines were observed in 30% of all the stems and this seemed to be related to a lesser diaphyseal fit (19% versus 38%, p<0.05). In the ABG group the incidence of the distal reactive lines (65% of cases) was not associated with the amount of diaphyseal fit. In 4 ABG cases a diaphyseal reactive line was observed with cortical hypertrophy.
subsidence may be due to the use of too small a stem in some cases.
We analyzed thoroughly how variations in the fit-andfill affected bone remodeling. A tight diaphyseal fit-andfill of the Bi-Metric stem led to hypertrophy of the diaphyseal cortex, whereas distal radiolucent lines were related to a lesser degree of diaphyseal fit. However, these effects were not seen in the series of Martell et al. [31] . Instead they observed that metaphyseal hypertrophy in Gruen zones 2 and 6 was correlated with a higher degree of metaphyseal fill, whereas this is an effect that we only found with ABG stems.
Evaluation of bone remodeling from radiographs can be considered a qualitative method and thus, complementary to the methods we used [35, 49] , availability of dual-energy X-ray absorptiometry (DEXA) to define bone mineral density (BMD) around the femoral stem would have been beneficial. Most post-operative decrease in BMD occurs within the first 6-9 months [42] although a small progression can continue for up to 5-7 years after surgery [23] . The pattern and the amount of any decrease in BMD seems to be strongly influenced by the stem design revealed by numerous DEXA studies with different femoral stems. At the calcar region a 28% mean loss of BMD has been reported with an extensively porous-coated stem [23] , a 34% mean loss with a proximally porous-coated cobalt-chromium stem [17] , 15-28% mean loss with proximally porous-coated titanium stems [17, 53] and 20% with proximally porouscoated titanium supermodular stems [42] . The respective loss in calcar density was only 12% with titanium custom-made stems [51, 53] and even some increase in the BMD of the calcar has been reported with stemless femoral implants [35] .
The value of proximal hydroxyapatite coating for avoiding calcar resorption has been demonstrated in a comparative radiological study in which the same stem design was fixed with different methods [6] , but the advantage has not been quantified with a DEXA study.
Recent trends in the development of cementless stems have aimed at reducing stress-shielding, although the clinical long-term results of extensively porous-coated long femoral stems have been excellent [7, 9, 29] . Obviously the troublesome clinical consequences of these first generation stems can up to now be referred to as isolated incidents but we remain concerned that either the distally fixed stems may fatigue and break after 20 years, or that bone resorption will result in peri-prosthetic fractures. It seems that the problem of stress shielding still exists to a notable extent with the use of proximally porous-coated second generation stems [31, 17, 53] .
The third generation of cementless stems comprises various design concepts, the main goal being to preserve bone stock in the calcar femorale and in the metaphysis. The distal part of the cementless stem has even been considered to be unnecessary after bone has grown 'into' the proximal coating of the stem [18] . In 1989 Morrey [33] presented an early series with successful shortstemmed cementless femoral components that had been in restricted use at the Mayo Clinic. Stemless femoral implants have proved to be susceptible to implantation errors, which may cause an increased failure rate with these devices [35] . In the ABG design concept the combination of a distal over-reaming technique and proximal hydroxyapatite coating is reasonable and the clinical results seem to be reliable [1, 47] . The idea of a perfect fitand-fill along the endosteal cortex from metaphysis to diaphysis was introduced with the development of custom-made stems [7, 41] but current opinion would probably be that these devices should be designed to fit only to the metaphysis and to remain distally loose or at least distally polished [51] .
Statement on conflict of interest No benefits in any form have been received or will be received from a commercial party related directly or indirectly to the subject of this article.
